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Introduction {#sec001}
============

The expression of multiple proteins in eukaryotic cells has become crucial in many biomedical applications of contemporary cell biology \[[@pone.0141933.ref001]\]. Advances in genetic engineering technologies have led to the production and development of efficient polycistronic vectors essentially based on two strategies: the use of internal ribosome entry site (IRES) sequence \[[@pone.0141933.ref001]\] or the 2A self-processing oligopeptide \[[@pone.0141933.ref002],[@pone.0141933.ref003]\]. The 2A coexpression system works in all eukaryotic expression systems and in all cell types \[[@pone.0141933.ref002]\] and it is based on the co-translationally self-processing activity of 2A sequences, such that each constituent protein encoded by a single mRNA is generated as a discrete translation product \[[@pone.0141933.ref004]\]. The 2A and '2A-like' sequences have been successfully used to express several proteins in lentivirus-mediated gene therapy approaches \[[@pone.0141933.ref005]\] and in the production of monoclonal antibodies in transgenic mice \[[@pone.0141933.ref006]\].

Another biomedical application requiring multiple genetic modifications in eukaryotic cells is xenotransplantation, where the complexity of immunological barriers to be overcome for a successful experiment requires several human genes to be overexpressed in the cells of the potential donor species \[[@pone.0141933.ref007],[@pone.0141933.ref008]\]. In pig to non-human primates models two main processes, hyperacute rejection (HAR) and acute vascular rejection (AVR), rapidly attack vascularized organs \[[@pone.0141933.ref009]\]. Transplanted organs are also subjected to several antigen-independent injuries, such as ischemia/reperfusion injury (IRI) \[[@pone.0141933.ref010],[@pone.0141933.ref011]\] and free radicals production \[[@pone.0141933.ref012]\].

Over the years several genes, whose induction or over-expression is able to modulate the inflammatory response and preserve the metabolism of transplanted organs were identified.

Heme oxygenase 1 (HO-1) plays a protective role by preventing oxidative stress because of its antioxidant and antiapoptotic properties and via suppression of the immune response through anti-inflammatory mechanisms \[[@pone.0141933.ref013]--[@pone.0141933.ref015]\]. In a model of cardiopulmonary by-pass, we previously demonstrated the protective effects of HO-1/CO against ischemia reperfusion injury \[[@pone.0141933.ref016]\]. Anyhow transgenic expression of hHO-1 is promising to prolong survival of xenografts but should be part of multiple transgenic modification for xenotransplantation.

Vascular endothelium within the transplanted organ is the primary target of rejection for all the mechanisms described in xenotransplantation. The nucleotide metabolism of endothelial cells may contribute significantly to the vascular diseases in acute humoral rejection \[[@pone.0141933.ref017]\]. Nucleosides and catabolites of adenosine in mammals are of particular interest in the field of xenotransplantation due to their combined cytoprotective, immunosuppressive and anti-inflammatory effects \[[@pone.0141933.ref018]--[@pone.0141933.ref020]\]. Extracellular adenosine is produced by a pathway mediated mainly by ectonucleotidases ecto-nucleoside triphosphate diphosphohydrolase 1 (ENTPD1 or CD39), and ecto-5'-nucleotidase (E5NT or CD73) \[[@pone.0141933.ref021]\]. Several *in-vitro* or *in-vivo* models have been produced with genetic defects or overexpression of ENTPD1 or E5NT \[[@pone.0141933.ref022]--[@pone.0141933.ref025]\] to investigate the role of these proteins in modulating inflammation. The aim of this work was to evaluate the protective effects of the simultaneous expression of a novel combination of anti-inflammatory human genes, ENTPD1, E5NT and HO-1, in eukaryotic cells. We produced an F2A system-based multicistronic construct to express three human proteins in murine NIH3T3 cells exposed to an inflammatory stimulus represented by human tumor necrosis factor alpha (TNF-α), a pro-inflammatory cytokine which plays an important role in the immune system during inflammation, cell proliferation, differentiation and apoptosis \[[@pone.0141933.ref026]\] and in the inflammatory response during ischemia/reperfusion injury in several organ transplantation settings \[[@pone.0141933.ref008],[@pone.0141933.ref027]--[@pone.0141933.ref030]\].

This study demonstrated, for the first time, the protection against inflammatory stimuli of a novel combination of human genes, when they are simultaneously expressed in murine NIH3T3 cells.

Material and Methods {#sec002}
====================

Reagents and antibodies {#sec003}
-----------------------

Recombinant human TNF-α, hemin and ATP were purchased from Sigma Aldrich. NIH3T3 cells were treated with reagents diluted in complete medium at concentrations determined by preliminary experiments and detailed below. Anti-hE5NT (4G4, Novus Biologicals), anti-hHO-1 (EP1391Y, Epitomics) and anti-hENTPD1 (BU61, Santa Cruz) primary antibodies, Alexa Fluor 488-conjugated anti-mouse and Alexa Fluor 555-conjugated anti-rabbit (Life Technologies) secondary antibodies were used for immunofluorescence analysis. Anti-hHO-1 (EP1391Y, Epitomics), anti-hE5NT (EPR6115, LifeSpan BioSciences), anti-hENTPD1 (HPA014067, Sigma Aldrich), anti-β-actin (AC-15, Sigma Aldrich)), anti-Nf-kB1 p105/p50 (D4P4D, Cell Signaling) and anti-Lamin B2 (EPR9701(B), Abcam) primary antibodies were used for immunoblotting analysis. Phycoerythrin (PE)-conjugated anti-hE5NT (BD Biosciences) and Alexa Fluor 647-conjugated anti-hENTPD1 (Life Technologies) antibodies were used for FACS analysis and cell sorting.

Triple cistronic vector construction {#sec004}
------------------------------------

The triple cistronic vector was prepared following a strategy similar to those previously reported by Ryan *et al*. \[[@pone.0141933.ref031]\] and by our group \[[@pone.0141933.ref032]\]. Briefly, the coding sequence of the plasmid pcDNA3.1-hHO1-F2A1-hE5NT-F2A2-hENPTD1 \[[@pone.0141933.ref032]\] was excised and ligated into pCX-C1 plasmid (a pCX-EGFP plasmid \[[@pone.0141933.ref033]\] to which a neomycin resistance cassette has been added) to form the final pCX-hHO1-F2A1-hE5NT-F2A2-hENTPD1-C1, which was called pCX-TRI-2A. Control plasmids, expressing only one of the three human proteins at once, were prepared by ligation of the PCR-amplified coding sequence into pCX-C1 plasmid, to obtain pCX-hHO1, pCX-hE5NT and pCX-hENTPD1 respectively. To facilitate cell sorting of pCX-hHO1-transfected cells, EGFP gene was cloned in frame downstream the HO1/F2A sequence. Restriction and sequencing analyses were performed on all the intermediate and in the final construct. Empty pCX-C1 plasmid was used for mock transfections.

Cell culture and transfection {#sec005}
-----------------------------

NIH3T3 cells were grown in Dulbecco's minimum essential medium (DMEM) (EuroClone) supplemented with 10% fetal calf serum (Sigma Aldrich), at 37°C and 5% CO~2~.

Cells were split and plated to reach 80--90% confluence on the day of transfection. pCX-TRI-2A, pCX-HO1, pCX-hE5NT, pCX-hENTPD1 and empty vector plasmids were introduced into NIH3T3 cells by electroporation using Neon Transfection System (Life Technologies) according to the manufacturer's instructions for NIH3T3 cell type. Cells were immediately re-suspended in growth medium with serum without antibiotics and plated. After 24 hours, cells were transferred in standard medium plus 0.5 mg/ml of G418 (Sigma Aldrich) and selected for 7 days.

Flow Cytometry analysis and cell sorting {#sec006}
----------------------------------------

WT and pCX-TRI-2A transfected cells were detached with trypsin/EDTA and washed once with PFN buffer (serum 3%, NaN~3~ 0,01% in PBS). Cells were then incubated for 30 min in the dark with fluorophore-conjugated anti-hE5NT and anti-hENTPD1 antibodies. The excess and non-specifically bound antibodies were removed by washing with PFN buffer. Flow cytometric analysis of stained cells was performed with a FACSAria flow cytometer (Becton Dickinson). Lymphocytes were used as a positive control, wild type and mock-transfected NIH3T3 cells were used as a negative controls and the not specific cross-reaction of antibodies was excluded by incubating cells with isotype-matched immunoglobulins. pCX-hE5NT and pCX-hENTPD1 transfected cells were stained only with the corresponding antibody. pCX-hHO1 transfected cells were sorted and analyzed on the basis of EGFP expression.

Immunofluorescence and Confocal Microscopy {#sec007}
------------------------------------------

Mock- and pCX-TRI-2A-transfected cells were seeded at 4x10^4^cells/well in 8-well chamber slides for 24 hours (LabTek Chamber slides, Thermo Fisher Scientific). The next day, cells were washed with PBS and fixed with methanol-acetone 1:1 for 10 min at -20°C. After fixation, cells were blocked with 1% BSA for 30 min. Fixed cells were incubated for 1 hour with primary antibodies, and for 30 minutes with the appropriate secondary antibodies diluted in 1% BSA (w/v) in PBS. Cells were then washed and counterstained with DAPI. The stained cells were mounted with mounting medium (Fluoromount; Sigma Aldrich) and analyzed by LSM 710 confocal microscope (Zeiss). Images were acquired by ZEN 2009 software (Zeiss).

Immunoblotting {#sec008}
--------------

Control and transfected cell lines were lysed in RIPA buffer and whole protein concentration was quantified by Bradford assay (Sigma Aldrich). 20 μg of total protein extracts were separated in a 10% NuPAGE BT gel (Life Technologies) and then transferred onto nitrocellulose membranes using the iBlot system (Life Technologies). The membranes were probed with anti-hHO-1, anti-hE5NT, anti-hENTPD1 and anti-β-actin primary antibodies. For Nfkb nuclear translocation analyses, pCX-TRI-2A and control cells were exposed to TNF-α 50ng/ml alone or in combination with hemin 20μM and ATP 200μM for 16h and proteins were extracted with NE-PER Nuclear and Cytoplasmic Extraction Reagents kit (Thermo Scientific), following the manufacturer's instructions. Protein concentration was determined by Micro BCA Protein Assay Kit (Thermo Scientific). 10 μg of nuclear protein extracts were separated in a 4--12% gradient NuPAGE BT gel (Life Technologies) and transferred onto nitrocellulose membranes. The membranes were probed with anti-Nf-kB1 p105/p50 and anti-Lamin B2 primary antibodies. Immunoreactive proteins were visualized by enhanced chemiluminescence (SuperSignal West Dura, Thermo Scientific) and digitally acquired using G:BOX (Syngene) instrument.

Densitometric analysis on Nf-kB/p50 and Lamin B2 bands was performed by using "Gel analyzer" function of ImageJ software\[[@pone.0141933.ref034]\].

Heme Oxygenase activity assay {#sec009}
-----------------------------

Heme oxygenase activity assay was performed as previously described \[[@pone.0141933.ref032],[@pone.0141933.ref035]\]. Briefly, cells were lysed in lysis buffer (100 mM Tris-HCl, 150 mM NaCl, 1% Triton X-100, pH 7.4, supplemented with 2% protease inhibitor cocktail) and protein concentration was quantified by Bradford assay. 300 μg of crude lysate were with 15 μM hemin and 10U/ml recombinant biliverdin reductase A. The fluorescence of bilirubin was detected every 2 minutes in a fluorescence reader (Infinite M200; Tecan) at 37°C (excitation/emission wavelengths: 441/528nm). As a positive control of specific detection of heme oxygenase 1 activity, WT and mock transfected NIH3T3 cells were stimulated with 50 μM Cobalt-Protoporphyrin for 24 hours before the assay.

E5NT and ENTPD1 activity assay {#sec010}
------------------------------

Ectonucleotidases activity assay was performed as previously described \[[@pone.0141933.ref036]\]. Briefly, NIH3T3 cells were washed with Hank balanced salt solution (HBSS) and pre-incubated for 15 minutes in HBSS supplemented with glucose (1mg/ml) and Adenosine Deaminase inhibitor, erythro-9-(2-Hydroxy-3-Nonyl) adenine, EHNA (5 μM). Cells were then incubated with 50 nmol/ml of AMP or ATP and supernatant samples were collected after 0, 5, 15, 30 minutes, frozen at -80°C and then analyzed by reverse phase HPLC \[[@pone.0141933.ref037]\] on Agilent 1100 HPLC instrument with a diode array detector.

Cytotoxicity assay {#sec011}
------------------

WT and transfected cell lines were plated in quadruplicate in 96-well plate at 12x10^3^ cells per well. The day after plating, cells were incubated in culture medium with of without different combination of drugs (TNF-α 50 ng/ml, hemin 20 μM and ATP 200 μM) for 24h and 48h.

Cell toxicity was quantified by measurement of lactate dehydrogenase (LDH) release into the medium by using the LDH assay kit (Roche Diagnostics) following manufacturer's instructions.

Caspase activity assay {#sec012}
----------------------

The Caspase-Glo 3/7 (Promega) assay was performed on WT and transfected cell lines grown in a white 96-well plate to reach 80% confluence, following manufacturer's instructions. Briefly, after 16h and 24h of treatments with TNF-α 50 ng/ml, hemin 20 μM and ATP 200 μM, lyophilized Caspase-Glo 3/7 substrate was resuspended and added into each well. The contents of the wells were mixed gently and incubated at room temperature for 1 hour. Luminescent signal was measured with a 96 multi-well plate reader (Infinite M200; Tecan).

Real time PCR analysis of TNF-α signaling genes {#sec013}
-----------------------------------------------

The expression of 84 TNF-α pathway-related genes in mouse were examined using the RT^2^ Profiler PCR array (PAMM-063C, SuperArray Bioscience). Control and transfected cell lines were treated with TNF-α 50ng/ml alone or in combination with hemin 20 μM and ATP 200 μM for 16h. Untreated cells for each cell line were used as a control. Total RNA was isolated from treated and control cells by using the RNeasy Mini kit (Qiagen) according to manufacturer's instructions. RNA samples were treated with DNase to ensure elimination of genomic DNA, and the extracted RNA was converted to cDNA using the RT^2^ First Strand Kit from SuperArray Bioscience (Qiagen) following manufacturer's protocol. PCR was performed with the RT^2^ Profiler PCR array system according to the manufacturer's instructions using Step One Plus instrument (Applied Biosystems). The mRNA expression levels of each gene in each cell treatment were normalized using the expression of the housekeeping genes *B2m*, *Gapdh*, *Gusb*, *Hsp90ab1*, and *Actb*. The results were confirmed by quantitative reverse transcriptase-PCR performed using individual RNA samples from the cells in each group by Step One Plus instrument (Applied Biosystems). The primers used for real-time PCR are listed in [S1 Table](#pone.0141933.s007){ref-type="supplementary-material"}.

Statistical Analysis {#sec014}
--------------------

Statistical analyses were performed using SPSS v.19 for Mac and values of *p* ≤ 0.05 were considered to be statistically significant. LDH assay, caspase 3/7 assay and real-time PCR were independently performed 3 times. The results are represented as mean ± standard deviation (SD). Analysis of variance (one-way ANOVA) with Tukey *post hoc* test was used for multiple comparisons.

Results {#sec015}
=======

Transgenic constructs design and generation of stable transfectants {#sec016}
-------------------------------------------------------------------

We previously reported that the F2A technology can be used to link in frame three coding sequences obtaining a single open reading frame of 4.3 Kbp that can be expressed in eukaryotic cells as three discrete protein products \[[@pone.0141933.ref032]\]. In order to obtain a stable and unsilenced expression in eukaryotic cells we moved the sequence encoding for hHO1, hE5NT and hENTPD1 proteins under the control of the CAGGS promoter ([Fig 1](#pone.0141933.g001){ref-type="fig"}), to give the tricistronic pCX-TRI-2A plasmid. Single gene-expressing vectors have been produced as controls and cells transfected to investigate the contribution of each gene in the downregulation of the inflammatory response. hHO-1, hE5NT and hENTPD1 coding sequences were cloned into the same vector backbone used to produce pCX-TRI-2A plasmid ([Fig 1](#pone.0141933.g001){ref-type="fig"}).

![Schematic maps of tricistronic pCX-TRI-2A vector and all the constructs used in the work.\
The transgenic plasmid is composed of the CAGGS promoter, followed by the coding sequence of human HO-1 gene without the stop codon, fused in frame to the first F2A sequence (F2A), then the coding sequence of human E5NT gene without the stop codon, the second F2A sequence and the coding sequence of human ENTPD1 gene followed by a polyadenilation signal (pA).](pone.0141933.g001){#pone.0141933.g001}

Murine NIH3T3 cells were electroporated with pCX-TRI-2A and control plasmids, and selected for neomycin resistance for one week. In order to verify the presence and the functionality of pCX-TRI-2A vector, genomic DNA and total RNA were extracted from transfected cells and analyzed for the presence of the exogenous molecules. PCR analysis on genomic DNA using transgene-specific oligonucleotides confirmed the genetic modification of the cells ([S1 Fig](#pone.0141933.s001){ref-type="supplementary-material"}). RT-PCR analyses on total RNA, using oligonucleotides specific for transgenic transcript, also confirmed the correct transcription of the tricistronic cassette ([S2 Fig](#pone.0141933.s002){ref-type="supplementary-material"}). In order to enrich the population of transfected cells, the expression of hENTPD1, hE5NT or EGFP was firstly assessed by flow cytometry (data not shown), and then those cells expressing the human proteins were sorted and expanded. pCX-TRI-2A transfected cells were FACS-sorted on the basis of high hE5NT and hENTPD1 expression. Sorted cells were expanded in culture for ten days and then analyzed for the expression of both hENTPD1 and hE5NT: approximately 93% of cells were expressing both human proteins ([Fig 2A and 2B](#pone.0141933.g002){ref-type="fig"}). pCX-hHO1, pCX-hE5NT and pCX-hENTPD1 transfected cells were sorted and analyzed for EGFP, hE5NT and hENTPD1 expression respectively. After sorting \>98% of cells expressed the exogenous protein, conversely no signal was detected in WT and mock-trasnfected cells ([S3 Fig](#pone.0141933.s003){ref-type="supplementary-material"}).

![pCX TRI 2A-transfected cells were enriched via FACS for the expression of hE5NT and hENTPD1.\
Expression analysis on sorted transfectants showed that E5NT and ENTPD1 were expressed by more than 95% of the pCX-TRI-2A-transfected cells (**A**) and that more than 93% of those cells expressed both the two ecto-enzyme simultaneously (**B**). (**C**) The three human proteins were found strongly expressed into the transfected cells after sorting, and expression levels were unaffected by the number of genes in the construct, as there was no evidence of incomplete separation of individual proteins.](pone.0141933.g002){#pone.0141933.g002}

To verify if the enriched cells overexpressed all the three human proteins, controls and transfected cell lysates were analyzed by immunoblotting. As expected, all the three human proteins were found to be strongly expressed in pCX-TRI-2A cells and to have the correct molecular weight. Single gene transfected cell groups showed in each case higher expression levels ([Fig 2C](#pone.0141933.g002){ref-type="fig"}) as compared to pCX-TRI-2A cells.

The tricistronic transgene encodes for all the three human proteins with a correct subcellular localization {#sec017}
-----------------------------------------------------------------------------------------------------------

Since it has been demonstrated that different subcellular localization might influence the expression pattern of target genes coupled to the 2A peptide \[[@pone.0141933.ref038]\], we investigated if the human proteins encoded by the muticistronic 2A-based transgene had a correct subcellular localization by immunofluorescence and confocal analysis. Co-staining analysis for hE5NT and hHO1 or for hENTPD1 and hHO1 indicated that in pCX-TRI-2A transfected cells both the hENTPD1 and hE5NT signals had, as expected, a distribution pattern similar to that of plasma membrane proteins, whereas hHO1 signal was detected mainly in the perinuclear area suggesting, for this protein, a cytoplasmic localization related to the ER ([Fig 3A and 3B](#pone.0141933.g003){ref-type="fig"}). Pixel intensity analysis further confirmed the correct localization of the exogenous proteins ([Fig 3C and 3D](#pone.0141933.g003){ref-type="fig"})

![All the three exogenous proteins were correctly localized in pCX TRI 2A-transfected cells.\
WT and pCX-TRI-2A-transfected cells were co-stained with anti-hHO1 and anti-hE5NT antibodies (**A**) or with anti-hHO1and anti-hENTPD1antibodies (**B**). Transfected cells positive to hE5NT or hENTPD1 (red) were also positive to hHO1 (green). hE5NT and hENTPD1 localized on the cell surface, while hHO1 had a perinuclear and/or ER membranes cytoplasmic localization. (**C**-**D**) Plot of the signal intensity for hE5NT and hENTPD1 (red) and hHO1 (green) along the line drawn in A and B indicated that the most intense hE5NT and hENTPD1 signals are not colocalized with hHO1 signal.](pone.0141933.g003){#pone.0141933.g003}

pCX-TRI-2A mediates the increase of HO-1 and ENTPD1/E5NT activity {#sec018}
-----------------------------------------------------------------

Since it has been reported that the function of the upstream protein in 2A-based constructs could be disrupted by the residual 2A peptide fused to its C-terminus \[[@pone.0141933.ref006]\], we carefully investigated the functionality of all the three exogenous proteins.

The enzymatic activity of HO-1 in pCX-TRI-2A-transfected cells was evaluated by measuring the fluorescence of bilirubin during the incubation of lysates from WT, mock and pCX-TRI-2A-transfected cells with hemin. As shown in [Fig 4A](#pone.0141933.g004){ref-type="fig"}, the HO-1 activity in pCX-TRI-2A-transfected cells was about 2.5 fold higher than the basal activity seen in controls (1.43 ± 0.08 nmol/h/mg versus 0.54 ± 0.08 and 0.58 ± 0.1 nmol/h/mg respectively in WT and mock transfected-cells, p\<0.05). Moreover, no significant differences were observed between pCX-TRI-2A and control cell lines (WT and mock-transfected cells) previously treated with CoPP. These data showed that the exogenous expression of hHO-1, encoded by pCX-TRI-2A plasmid, was comparable to the CoPP induced expression levels of endogenous HO-1.

The enzymatic activity of the ENTPD1/E5NT system encoded by the tricistronic plasmid was evaluated by an extracellular nucleotide metabolism assay. Confluent control and transfected cells were incubated with ATP or AMP and the nucleotide content of supernatant samples collected at 0, 5, 15 and 30 min was analysed by HPLC \[[@pone.0141933.ref032],[@pone.0141933.ref036]\].

![Heme oxygenase-1 and ectonucleotidases functional assays.\
(**A**) Heme Oxygenase 1 activity assay on NIH3T3 cells. Lysates from WT, mock- and pCX-TRI-2A-transfected cells were incubated for 2 hours with Hemin, BSA, Biliverdin Reductase A in reaction buffer as described in Materials and Methods. As positive control of the assay, wt or mock-transfected cells were pre-stimulated with 50 μM of HO1 inducer, Cobalt Protoporphyrin for 24 hours (wt CoPP, mock CoPP). Enzymatic activity is reported as nanomoles of bilirubin per hours per milligrams of protein extract. Data are expressed as mean ± SEM of 3--4 independent experiments. \**p*\<0.05 versus wt and mock-transfected cells. (B) ENTPD1-mediated AMP production and (C) E5NT-mediated adenosine production by wild type, mock and pCX-TRI-2A transfected-cells. Cells were incubated with 50 μM ATP for 30 min. The nucleotide content of supernatants collected at 0, 5, 15, 30 min time points was measured by reverse phase-HPLC as detailed in Material and Methods. Data shown are mean ± S.D. (n = 3). \**p*\<0.05 versus all groups. (D) E5NT-mediated adenosine production by wild type, mock and transfected-cells. Cells were incubated with 50 μM AMP for 30 min. The nucleotide content of supernatants collected at 0, 5, 15, 30 min time points was measured by reverse phase-HPLC ad detailed in Material and Methods. Data shown are mean ± S.D. (n = 3). \**p*\<0.05 versus all groups.](pone.0141933.g004){#pone.0141933.g004}

As shown in [Fig 4B](#pone.0141933.g004){ref-type="fig"}, in pCX-TRI-2A-transfected cells the supernatant content of AMP, which is the product of ENTPD1 enzymatic activity, was significantly higher than in controls (WT and mock-transfected cells) and pCX-hE5NT-transfected cells at every time points (*p*\<0.05). As expected, the production of AMP in the supernatant from the pCX-hENTPD1-transfected cells was even higher at every time point (*p*\<0.05 versus all the other experimental groups).

On the other hand, a significant increase of adenosine concentration has been detected in medium from pCX-TRI-2A-transfected cells (4.8 ± 0.3 μM after 30 min, [Fig 4C](#pone.0141933.g004){ref-type="fig"}, *p*\<0.05 vs. all the other experimental groups). A slight increase has been observed in pCX-hE5NT-transfected cells (0.7 ± 0.05 μM after 30 min, [Fig 4C](#pone.0141933.g004){ref-type="fig"}, *p*\<0.05) while no adenosine formation has been detected in WT, mock and pCX-hENTPD1-transfected cells, suggesting a very low AMPasic activity in these latter cell groups ([Fig 4C](#pone.0141933.g004){ref-type="fig"}). As control of hE5NT activity, confluent cells were incubated with 50 μM AMP for 30 min. As shown in [Fig 4D](#pone.0141933.g004){ref-type="fig"}, formation of adenosine in pCX-hE5NT-transfected cells increased significantly to 34.6 ± 0.1 μM. A significant increase of adenosine production has been observed also in pCX-TRI-2A-transfected cells (8.2 ± 0.3 μM) as compared to WT, mock and pCX-hENTPD1-transfected cells in which no detectable levels have been observed in all the time of incubation ([Fig 4D](#pone.0141933.g004){ref-type="fig"}).

These data suggested that the overexpression of both ectonucleotidases is efficient in the removal of the pro-inflammatory ATP and AMP molecules and, at the same time, to increase the production of the anti-inflammatory adenosine.

In conclusion, these data suggested that the simultaneous expression of the three genes does not alter the enzymatic activity of each of the pCX-TRI-2A encoded genes and that they were able to mediate the production of anti-inflammatory molecules in the pCX-TRI-2A transfected cells.

The expression of hHO-1, hE5NT and hENTPD1 protects cells from TNF-α-mediated cytotoxicity and apoptosis {#sec019}
--------------------------------------------------------------------------------------------------------

We next evaluated whether the simultaneous expression and activity of this new combination of human proteins confers protection against inflammatory stimuli and if this protection would be higher than the protective effect given by each single human protein. To this extent, controls and transfected cells were exposed to 50 ng/ml of TNF-α alone or in combination with appropriate molecules that served as a substrate for the enzymatic activity of exogenous proteins, hemin (20 μM) and/or ATP (200 μM), for up to 48 hours and the cytotoxicity was measured by LDH assay.

As shown in [Fig 5](#pone.0141933.g005){ref-type="fig"}, the percentage of dead cells in pCX-TRI-2A transfected cells was 26.2 ± 3.8% after 24 hours ([Fig 5A](#pone.0141933.g005){ref-type="fig"}) and 48 ± 3.9% after 48 hours ([Fig 5B](#pone.0141933.g005){ref-type="fig"}) of treatment with TNF-α alone, which was significantly lower as compared to all other cell lines at 48 hours of treatment (*p*\<0.05), even in absence of enzymatic substrate of human genes, and to all the other cell lines (*p*\<0.05) except to pCX-hHO1 transfected cells at 24 hours of treatment. On the other hand, the administration of enzymatic substrates, hemin, ATP or both, to pCX-TRI-2A transfected cells treated with TNF-α, induced a further reduction of cytotoxicity (17.6 ± 3.8%, 15 ± 3.1% and 9.5 ± 1.6% respectively) as compared to the same cells treated with TNF-α alone at 24 hours (26.2 ± 3.8%, *p*\<0.05). Similarly, the addition of both hemin and ATP to TNF-α treatment induced a 24.6 ± 2.2% of cell death in pCX-TRI-2A cells at 48 hours ([Fig 4B](#pone.0141933.g004){ref-type="fig"}), which was significantly lower than cytotoxicity of same cells treated with TNF-α alone (48 ± 3.9%, *p*\<0.05).

![pCX-TRI-2A transfected cells are protected against TNF-α-induced cytotoxicity.\
WT cells and transfected cell lines were incubated with 50 ng/ml TNF-α for 24 h (**A**) and 48 h (**B**) alone or in combination with 20 μM hemin and/or 200 μM ATP. Cytotoxicity was assessed by lactate dehydrogenase (LDH) release and expressed as follows: relative cytotoxicity (%)  =  \[(*A* e − *A* c) / (*A* b − *A* c)\] × 100 (%), where '*A* e' is the experimental absorbance, '*A* b' is the absorbance of lysed controls and '*A* c' is the absorbance of untreated controls. The data are expressed as mean ± SD of three independent experiments. \[\#\] indicates significant difference between pCX-TRI-2A and all the other groups, except for pCX-hHO1, within the same treatment (ANOVA, *p*\<0.05). \[\*\] indicates significant difference between pCX-TRI-2A and all the other groups within the same treatment (ANOVA, *p*\<0.05); \[ϕ\] indicates a significant difference between single gene-transfected cells and WT/mock within the same treatment (ANOVA, *p*\<0.05); \[a\] indicates significant difference as compared to TNF-α treatment alone within the same cell type (ANOVA, *p*\<0.05); \[b\] indicates a significant difference as compared to TNF-α + hemin treatment within the same cell type (ANOVA, *p*\<0.05).](pone.0141933.g005){#pone.0141933.g005}

Since soluble TNF-α can lead to cell apoptosis \[[@pone.0141933.ref039],[@pone.0141933.ref040]\], and considering that the activity of the three human proteins has been reported to exert anti-apoptotic effects \[[@pone.0141933.ref041],[@pone.0141933.ref042]\], we investigated their potential role in protection against cell death induced by TNF-α via a caspase 3/7 activity assay. As shown in [Fig 6](#pone.0141933.g006){ref-type="fig"}, pCX-TRI-2A-transfected cells were protected against apoptotic death after both 16 ([Fig 6A](#pone.0141933.g006){ref-type="fig"}) and 24 ([Fig 6B](#pone.0141933.g006){ref-type="fig"}) hours of TNF-α challenging as compared to WT and mock cells (*p\<*0,05). Furthermore, pCX-TRI-2A-transfected cells resulted better protected from TNF-α-induced caspase activation as compared to pCX-hE5NT, pCX-hENTPD1 and pCX-HO1 after 24 hours of treatment (*p*\<0.05). On the other hand, the better protection was also observed at 16 hours of treatment as compared to pCX-hENTPD1 (*p*\<0.05) and pCX-hE5NT (*p*\<0.05) but not as compared to pCX-HO1. The addition of hemin (20 μM) to pCX-TRI-2A-transfected cells treated with TNF-α further reduced caspase activation after 16 hours ([Fig 6A](#pone.0141933.g006){ref-type="fig"}) and this anti-apoptotic effect was still observed at 24 hours ([Fig 6B](#pone.0141933.g006){ref-type="fig"}) as compared to pCX-TRI-2A-transfected cells treated with TNF-α alone. This reduced TNF-α-dependent caspase activation was observed also in presence of ATP (200 μM) to pCX-TRI-2A transfected cells after 24 hours of TNF-α treatment as compared to pCX-TRI-2A-transfected cells treated with TNF-α alone ([Fig 6B](#pone.0141933.g006){ref-type="fig"}). The combined treatment with TNF-α, hemin and ATP inhibited apoptosis at 16 hours in pCX-TRI-2A transfected cells (3.97 ± 0.81; fold change as compared to TNF-α treatment alone, *p* \<0,05), similarly to the observed anti-apoptotic effect of hemin ([Fig 6A](#pone.0141933.g006){ref-type="fig"}). Interestingly, in pCX-TRI-2A transfected cells treated with TNF-α together with both hemin and ATP after 24 hours, it was observed an anti-apoptotic effect significantly greater than in all the other treatment groups (*p* \<0,05, [Fig 6B](#pone.0141933.g006){ref-type="fig"}).

![pCX-TRI-2A transfected-cells are protected against TNF-α-induced apoptosis.\
Caspase 3/7 activities were determined in all cell groups after 16h (**A**) or 24h (**B**) of incubation with 50 ng/ml TNF-α alone or in combination with 20 μM hemin and/or 200 μM ATP. Expression of the three human genes in TG cells significantly reduced the activation of effector caspases 3/7. The data are expressed as mean ± SD of three independent experiments. \[\#\] indicates significant difference between pCX-TRI-2A and all the other groups, except for pCX-hHO1, within the same treatment (ANOVA, *p*\<0.05). \[\*\] indicates significant difference between pCX-TRI-2A and all the other groups within the same treatment (ANOVA, *p*\<0.05); \[ϕ\] indicates a significant difference between single gene-transfected cells and WT/mock within the same treatment (ANOVA, *p*\<0.05); \[a\] indicates significant difference as compared to TNF-α treatment alone within the same cell type (ANOVA, *p*\<0.05); \[§\] indicates a significant difference as compared to all the other treatments within the same cell type (ANOVA, *p*\<0.05).](pone.0141933.g006){#pone.0141933.g006}

To further evaluate the protective response to the TNF-α injury after a persistent exposition to the pro-inflammatory cytokine, a propidium iodide incorporation assay was performed. Consistently with the results of cytotoxicity and caspase assays, the pCX-TRI-2A-transfected cells were protected against TNF-α injury as compared to WT cells up to 72 hours ([S4 Fig](#pone.0141933.s004){ref-type="supplementary-material"}).

Taken together, these data suggest that the expression of the three genes is protective against TNF-α-induced cytotoxicity and apoptosis and that the protection is more effective when all the three genes, hHO1, hENTPD1 and hE5NT are simultaneously present and exerting their enzymatic activity.

Molecular characterization of anti-inflammatory response mediated by the combination of the human genes {#sec020}
-------------------------------------------------------------------------------------------------------

Trying to unravel the molecular mechanism of the anti-inflammatory response mediated by the combination of the three human genes in pCX-TRI-2A transfected cells, the expression of 84 TNF-α pathway-related genes was analyzed by quantitative RT^2^--PCR Profiler Array (Qiagen). By this screening several genes emerged to be differentially modulated in control and pCX-TRI-2A-transfected cells by comparing each treatment with the respective untreated cells ([S5](#pone.0141933.s005){ref-type="supplementary-material"} and [S6](#pone.0141933.s006){ref-type="supplementary-material"} Figs, [S2 Table](#pone.0141933.s008){ref-type="supplementary-material"}). Among these, *Ikbkg (Nemo)*, a gene encoding for the regulating subunit of IKK complex which is involved in the Nf-kB activation in response to cytokine exposure, was selected for further validation because it has been observed to have an unexpected transcriptional up-regulation in pCX-TRI-2A-transfected cells. A significant increase of *Ikbkg* expression was observed only in pCX-TRI-2A-transfected cells treated with ATP plus TNF-α or Hemin or both ([Fig 7](#pone.0141933.g007){ref-type="fig"}), as compared to the respective untreated cells (*p*\<0.05) or to TNF-α treated cells (*p*\<0.05). These data suggest that pCX-TRI-2A-transfected cells exposed to TNF-α injury up-regulate the *Ikbkg* gene.

![Changes in *Ikgkb* (*Nemo*) mRNA expression in control (Ctrl) and pCX-TRI-2A-transfected cells.\
Cells were incubated with 50 ng/ml TNF-α for 16h, alone or in combination with 20 μM hemin and/or 200 μM ATP. Murine *Ikgkb* mRNA was quantified by real-time PCR. The data (mean±SD of three independent experiments), normalized for *Gapdh* gene, are expressed as fold change respect to the untreated cells. \[\*\] indicates a significant difference between pCX-TRI-2A-transfected cells and Ctrl cells within the same treatment (t Student, *p*\<0.05); \[\#\] indicates a significant difference as compared to untreated cells within the same cell type (ANOVA, *p*\<0.05) \[a\] indicates a significant difference as compared to TNF-α treatment alone within the same cell type (ANOVA, *p*\<0.05).](pone.0141933.g007){#pone.0141933.g007}

Since it is known that, after TNF-α exposure, the cells respond with an Nf-kB activation leading to a pro-survival pathway, and that this response is strictly dependent from IKK complex\[[@pone.0141933.ref039]\], we investigated if the nuclear translocation of Nf-kB was correlated with the *Nemo* expression profiles in pCX-TRI-2A-transfected and control cells in presence of TNF-α alone or in combination with hemin and ATP. To this extent, immunoblot and densitometric analyses were performed to evaluate the presence of Nf-kB/p50 active form into the nucleus of control and pCX-TRI-2A-transfected cells after 16h of treatment with TNF-α alone or in combination with hemin and ATP ([Fig 8](#pone.0141933.g008){ref-type="fig"}). The levels of nuclear Nf-kB/p50 in pCX-TRI-2A-transfected cells were 3,02-fold higher after treatment with TNF-α alone and 3,77-fold higher after treatment with TNF-α in combination with hemin and ATP as compared to untreated pCX-TRI-2A-transfected cells (*p*\<0.05, [Fig 8B](#pone.0141933.g008){ref-type="fig"}), while no significant differences were observed in control cells among treatments ([Fig 8B](#pone.0141933.g008){ref-type="fig"}). Additionally, levels of nuclear Nf-kB/p50 in pCX-TRI-2A transfected cells were notably increased as compared to control cells within the same treatment (*p*\<0.05, [Fig 8B](#pone.0141933.g008){ref-type="fig"}).

![Nf-kB1 nuclear translocation in control (Ctrl) and pCX-TRI-2A-transfected cells.\
Cells were incubated with 50 ng/ml TNF-α for 16h, alone or in combination with 20 μM hemin and 200 μM ATP. Murine Nf-kB1/p50 protein was detected in nuclear extracts of Ctrl and pCX-TRI-2A-transfected cells by immunoblotting analysis (**A**). Densitometric analysis for Nf-kB1/p50, normalized for the Lamin B2 signal, showed a 60% or 83.6% increase in Nf-kB1/p50 level in pCX-TRI-2A-transfected cells treated with TNF-α alone or in combination with hemin and ATP, respectively, as compared to control cells (**B**). Densitometric analysis was performed by using "Gel analyzer" function of ImageJ software. Data are shown as mean ± S.D from at least three independent experiments. \[\*\] indicates a significant difference between pCX-TRI-2A-transfected cells and control cells within the same treatment (t Student, *p*\<0.05).](pone.0141933.g008){#pone.0141933.g008}

In order to further investigate the possible correlation between the expression of *Nemo* and the Nf-kB activity, we came back to the RT^2^ array results and selected the *Tnfaip3/A20* gene, one of the Nf-kB transcriptional targets and coding for a well-known anti-apoptotic protein \[[@pone.0141933.ref043],[@pone.0141933.ref044]\], for further validation. The expression of *Tnfaip3* gene was then analysed in control and pCX-TRI-2A-transfected cells after 16h of treatments. As shown in [Fig 9](#pone.0141933.g009){ref-type="fig"}, the up-regulation of *Tnfaip3* was observed, as expected, in both control and pCX-TRI-2A-transfected cells treated with TNF-α, alone or in combination with hemin and/or ATP (*p*\<0.05, as compared to untreated cells). Moreover, pCX-TRI-2A-transfected cells showed a further increase in *Tnfaip3* induction after TNF-α treatment in combination with ATP and with both ATP and hemin (*p*\<0.05, as compared to TNF-α treated cells), that it was not observed in control cells ([Fig 9](#pone.0141933.g009){ref-type="fig"}).

![Changes in *Tnfaip3* (*A20*) mRNA expression in control (Ctrl) and pCX-TRI-2A-transfected cells.\
Cells were incubated with 50 ng/ml TNF-α for 16h, alone or in combination with 20 μM hemin and/or 200 μM ATP. Murine *Tnfaip3/A20* mRNA was quantified by real-time PCR. Data (mean±SD of three independent experiments) are normalized for *Gapdh* gene and expressed as fold change respect to the untreated cells. \[\*\] indicates a significant difference between pCX-TRI-2A-transfected cells and control cells within the same treatment (t Student, *p*\<0.05); \[\#\] indicates a significant difference as compared to untreated cells within the same cell type (ANOVA, *p*\<0.05); \[a\] indicates a significant difference as compared to TNF-α treatment alone within the same cell type (ANOVA, *p*\<0.05).](pone.0141933.g009){#pone.0141933.g009}

Taken together, these data suggested that in pCX-TRI-2A-transfected cells exposed to TNF-α in combination with the exogenous protein substrates Nf-kB translocated into the nucleus and function as transcription factor for the expression of the pro-survival gene *Tnfaip3*.

Discussion {#sec021}
==========

The results shown in the present paper contribute to the understanding of the protective role of a novel combination of human genes, HO-1, ENTPD1 and E5NT, against inflammatory stimuli such as TNF-α. Each human gene used in this study has been reported to have anti-inflammatory and anti-apoptotic properties when overexpressed or induced in the cells or organisms \[[@pone.0141933.ref021],[@pone.0141933.ref041],[@pone.0141933.ref045]--[@pone.0141933.ref048]\]. HO-1 was shown in various experimental models of xenograft rejection to be highly expressed in the endothelium and smooth muscle cells of accommodated heart and lung xenografts, suggesting its critical role in preventing the development of chronic graft dysfunction in a clinical setting \[[@pone.0141933.ref049]--[@pone.0141933.ref051]\]. Human ENTPD1 overexpression protected transgenic mouse cardiac xenografts from antibody-mediated rejection \[[@pone.0141933.ref052]\] as well as pancreatic islets from "Instant Blood Mediated Inflammatory Reaction" (IBMIR) after exposure to human blood \[[@pone.0141933.ref053]\]. These evidences suggest that ENTPD1 could address the coagulation and thrombotic disorders that still limit the graft survival \[[@pone.0141933.ref054]\]. In addition, the overexpression of human E5NT has been demonstrated to exert beneficial effects in porcine endothelial cells with increased adenosine production and protection against human NK cells mediated cytotoxicity \[[@pone.0141933.ref024]\]. For the first time we report here the protective effects given by the simultaneous expression and enzymatic activities of the combination of these genes as compared to their use as a single agent in cells exposed to inflammatory stimuli.

The coding sequences of the three human genes were included in an expression cassette that allowed the simultaneous translation of three proteins starting from a single mRNA by using the F2A technology \[[@pone.0141933.ref004],[@pone.0141933.ref055]\]. The western blotting analyses, performed on protein extracts of pCX-TRI-2A and control plasmids transfected cells, confirmed the enrichment of cells expressing exogenous proteins obtained by FACS and no evidence of incomplete separation of individual proteins was found. The cells transfected with plasmids expressing each of the three genes alone were found to have higher levels of exogenous protein as compared to the pCX-TRI-2A transfected cells, and this is probably due to the smaller size of the single gene expressing plasmids as compared to the pCX-TRI-2A plasmid as previously reported \[[@pone.0141933.ref056]\]. The order of genes encoded by the expression cassette was designed to maximize the likelihood of the correct processing and maturation of each protein product \[[@pone.0141933.ref032]\] and we found the expected subcellular localization for hHO1, hE5NT and hENTPD1 in pCX-TRI-2A transfected cells.

Taken together, the expression analyses data confirmed that the application of the F2A system and the design of the multi-cistronic construct allowed the expression of three exogenous proteins that were correctly processed and localized within the cells.

Next, to verify the absence of possible interference on protein function in F2A-based encoded peptides \[[@pone.0141933.ref006]\], we focused on the investigation of enzymatic activity of each gene encoded by the multi-cistronic plasmid. The activity of HO-1, evaluated by means of measuring bilirubin's fluorescence during the incubation with hemin \[[@pone.0141933.ref057]\], was found to be higher in pCX-TRI-2A transfected cells as compared to mock-transfected or untransfected cells ([Fig 4A](#pone.0141933.g004){ref-type="fig"}). Furthermore, the HO-1 activity of pCX-TRI-2A transfected cells was similar to the activity observed in control cells previously treated with a known HO-1 inducer, CoPP, suggesting that the pCX-TRI-2A transfected cells constitutively express HO-1 at amounts comparable to those induced in stress conditions within the cells. The enzymatic activities of ENTPD1 and E5NT was measured by an extracellular nucleotide metabolism assay \[[@pone.0141933.ref032],[@pone.0141933.ref037]\]. The production of AMP following incubation with ATP was significantly higher in pCX-hENTPD1 and pCX-TRI-2A transfected cells as compared to all the other experimental groups, which is consistent with the overexpression of ENTPD1 protein only in these two cell types. The pCX-hENTPD1 transfected cells had a significantly higher content in AMP as compared to pCX-TRI-2A transfected cells, suggesting that in the latter the AMP is produced in less amount or enzymatically converted in adenosine. In fact, the analysis of adenosine production after incubation with ATP revealed a significantly higher production in pCX-TRI-2A transfected cells as compared to all the other cell types, suggesting that, only in pCX-TRI-2A cells, the ATP could be converted in ADP and AMP by ENTPD1 and AMP converted in adenosine by E5NT. In order to evaluate the specific enzymatic activity of E5NT, the cells were incubated with AMP and adenosine production in the supernatant was measured. Only in the supernatant of hE5NT expressing cells (pCX-hE5NT and pCX-TRI-2A transfected cells) adenosine was detected, with significantly higher levels in pCX-hE5NT as compared to pCX-TRI-2A transfected cells ([Fig 4D](#pone.0141933.g004){ref-type="fig"}), and this finding is consistent with the higher amount of E5NT protein detected in pCX-hE5NT transfected cells ([Fig 3B](#pone.0141933.g003){ref-type="fig"}). The enzymatic assays demonstrated that the three proteins encoded by the multi-cistronic cassette were fully functional and allowed the increased production of their enzymatic products.

In order to evaluate the protective effects of the combination of human genes in the cells against inflammatory stimuli, pCX-TRI-2A and control cells were exposed to TNF-α alone or in combination with appropriate molecules that served as a substrate for the enzymatic activity of exogenous proteins and cytotoxicity and caspase assays were performed. TNF-α was chosen to mimic an inflammatory settings because it plays one of the most important roles in inflammation and in inflammatory conditions \[[@pone.0141933.ref026],[@pone.0141933.ref058],[@pone.0141933.ref059]\]. The expression of the combination of the three genes, better than the expression of each single gene, protected the cells against TNF-α induced cytotoxicity even in absence of enzymatic substrate of human genes. The expression of single genes appeared to be somehow protective against TNF-α-induced cytotoxicity as compared to WT or mock-transfected cells only if appropriate enzymatic substrate was administered to cells and the protective effect was observed exclusively when TNF-α-treated cells were treated with only one substrate (hemin or ATP). Taking into account that caspases play an important role in TNF-α-induced apoptotic cell death \[[@pone.0141933.ref039]\], we determined caspase activity in pCX-TRI-2A transfected and control cell types at 16 and 24 hours post-incubation with inflammatory stimuli (TNF-α) alone or in combination with enzymatic substrates of human genes (hemin and/or ATP). After 16 hours of treatment, cells overexpressing HO-1 (pCX-hHO1 and pCX-TRI-2A transfected cells) were protected from TNF-α-induced apoptosis, suggesting that the anti-apoptotic effect was mediated mainly by HO-1. On the other hands, the expression of the combination of the genes was better protective, as compared to the expression of each single gene, at 24 hours of TNF-α treatment and it was more effective in presence of enzymatic substrates of the three human proteins. It is well known that HO-1 is able to prevent cells death via inhibition of caspase-3 \[[@pone.0141933.ref013]\], and by suppression of TNF-α/TNFR1-mediated apoptotic signaling \[[@pone.0141933.ref041]\]. In presence of its enzymatic substrate, hemin, HO1 further confers cell protection by producing CO, which in low dose mediates anti-apoptotic and anti-inflammatory effects \[[@pone.0141933.ref060]--[@pone.0141933.ref062]\], and biliverdin, which is further converted by biliverdin reductase to bilirubin, a potent anti-oxidant and anti-inflammatory agent \[[@pone.0141933.ref063]--[@pone.0141933.ref065]\]. Exogenous administration of hemin has been shown to exert beneficial effects in models of hepatic ischemia-reperfusion injury \[[@pone.0141933.ref066]\] and to prolongs cardiac xenograft survival \[[@pone.0141933.ref067]\]. On the other hands, extracellular ATP is converted to adenosine by the combined activities of ENTPD1 and E5NT \[[@pone.0141933.ref021]\]. Porcine endothelial cells were protected against TNF alpha mediated apoptosis by adenosine signaling through A2A \[[@pone.0141933.ref068]\]. Adenosine signaling through A2B has been shown to confer protection against cardiac ischemic damages by activating salvage kinase pathway members, Akt, ERK 1/2 and GSK-3beta \[[@pone.0141933.ref025],[@pone.0141933.ref069]\].

Taken together, these findings suggest that the simultaneous presence and activity of the three genes is necessary to further improve a persistent protection against TNF-α injury as compared to the effects induced by the expression of each single gene.

In order to better understand how the combined activity of the two systems represented by hHO-1 and hENTPD1/hE5NT were able to protect pCX-TRI-2A transfected cells against TNF-α-mediated injury we investigated the molecular mechanisms involved in TNF-α pathway. To this extent, TNF-α pathway-related genes were analysed by RT^2^ array and, among the several genes resulted to be differentially modulated between control and pCX-TRI-2A transfected cells, we initially focused our attention on *Ikbkg* (*Nemo*). It has been demonstrated that, upon TNF-α binding, the TNFR1 forms two different and consecutive complexes. The complex I controls the expression of anti-apoptotic proteins and the complex II triggers cell death process \[[@pone.0141933.ref026],[@pone.0141933.ref039],[@pone.0141933.ref040],[@pone.0141933.ref070]\]. The complex I is responsible for the downstream activation of the transcriptional activation of NF-kB through the regulatory subunit of the IKK complex, Nemo \[[@pone.0141933.ref039]\], which is known to act at protein level \[[@pone.0141933.ref071]\] and it is not expected to be transcriptionally regulated. In this context, Nf-kb promotes pro-survival signaling within the cells. The gene expression analysis of *Nemo* showed a significant up-regulation of this gene in pCX-TRI-2A transfected cells treated with ATP plus TNF-α or Hemin or both at 16 hours post-treatment ([Fig 7](#pone.0141933.g007){ref-type="fig"}), as compared to untreated or to TNF-α treated pCX-TRI-2A-transfected cells. This suggested that *Nemo* modulation could be dependent to ATP administration to cells. Moreover, expression of *Nemo* was markedly lower in control cells compared to pCX-TRI-2A-transfected cells within these three treatments ([Fig 7](#pone.0141933.g007){ref-type="fig"}). On the other hand, TNF-α plus hemin administration to pCX-TRI-2A-transfected cells did not induce *Nemo* expression. This behaviour of the *Nemo* regulation in presence of hemin needs further experiments to be explained, although it can be hypothesized a protective effect of the HO-1 activity that could have abrogated the cell's need of *Nemo*'s up-regulation.

Since it is known that, after TNF-α exposure, the regulatory subunit of IKK complex, Nemo, is responsible for Nf-kB activation and translocation into the nucleus \[[@pone.0141933.ref039]\], we analysed the nuclear p50 accumulation in pCX-TRI-2A-transfected and control cells exposed to TNF-α alone or in combination with hemin and ATP in order to verify if the up-regulation of Nemo was correlated with Nf-kB mediated pro-survival effect. Nuclear translocation of Nf-kB was significantly higher in pCX-TRI-2A-transfected cells as compared to control cells ([Fig 8](#pone.0141933.g008){ref-type="fig"}) and this finding was consistent with the observed increased resistance to cytotoxicity ([Fig 5](#pone.0141933.g005){ref-type="fig"}) and apoptotic cell death ([Fig 6](#pone.0141933.g006){ref-type="fig"}) as compared to control cells. Nevertheless, the Nf-kB activation was observed both in pCX-TRI-2A-transfected cells treated with TNF-α alone and with TNF-α plus hemin and ATP ([Fig 8](#pone.0141933.g008){ref-type="fig"}), suggesting that the pro-survival activation of Nf-kB could be due to other factors besides Nemo in cells treated with TNF-α alone. To verify this hypothesis, we came back to the RT^2^ array analysis and selected the *Tnfaip3*/*A20* gene, encoding for a zinc finger protein known as a Nf-kB-induced negative feedback regulator and inhibitor of apoptosis \[[@pone.0141933.ref043],[@pone.0141933.ref044]\]. The expression profile of this gene revealed that, as expected, both control and pCX-TRI-2A-transfected cells adequately responded to TNF-α (alone) exposure by inducing the expression of *Tnfaip3* gene ([Fig 9](#pone.0141933.g009){ref-type="fig"}). On the other hand, pCX-TRI-2A-transfected cells significantly up-regulated the expression of the anti-apoptotic *Tnfaip3* gene, as compared to control cells, when treated with TNF-α plus ATP or with TNF-α plus ATP and hemin ([Fig 9](#pone.0141933.g009){ref-type="fig"}). This finding was, again, consistent with the cell death resistance of p-CX-TRI-2A-transfected cells treated with TNF-α plus ATP and hemin (Figs [5](#pone.0141933.g005){ref-type="fig"} and [6](#pone.0141933.g006){ref-type="fig"}). Noteworthy, extracellular ATP is a potent pro-inflammatory molecule and we speculate that pCX-TRI-2A-transfected cells, that are able to efficiently convert extracellular ATP in anti-inflammatory molecule adenosine ([Fig 4](#pone.0141933.g004){ref-type="fig"}), were able to up-regulate both the *Tnfaip3* and *Nemo* anti-apoptotic genes as a consequence of the constitutive expression and activity of hENTPD1 and hE5NT genes. On the contrary, in presence of TNF-α alone, control cells are able to up-regulate the *Tnfaip3* gene that is not protective enough because the TNF-α exposure is not transient. Furthermore, the control cells survival is further compromised when ATP is added to the TNF-α treatment because control cells did not constitutively express any protective gene. In summary, pCX-TRI-2A-transfected cells up-regulated key regulators of TNF-α signalling pathway, namely *Nemo* and *Tnfaip3*, which induced the Nf-kB-mediated pro-survival effects in pCX-TRI-2A-transfected cells exposed to TNF-α injury.

In conclusion, this study demonstrated, for the first time, the anti-inflammatory and anti-apoptotic effects of a combination of three human genes simultaneously expressed in murine cells via an F2A system-based multicistronic approach. The protective effects against TNF-α-induced cytotoxicity and cell death, mediated by HO-1, ENTPD1 and E5NT genes were better observed in cells expressing the combination of genes as compared to cells expressing each single gene and the effect was further improved by administrating enzymatic substrates of the human genes to the cells. Moreover, a gene expression analyses suggested that the expression of the three genes has a role in modulating key downstream regulators of TNF-α signalling pathway, as *Nemo* and *Tnfaip3*, that promoted pro-survival phenotype in TNF-α injured cells. Given these anti-inflammatory and anti-apoptotic effects, we suggest to use pCX-TRI-2A in order to produce multi-gene transgenic pigs, whose organs and cells could be tested in pre-clinical xenotransplantation models. Future works will be aimed to investigate the ENTPD1-mediated protection against the coagulation and thrombotic disorders in xenotransplantation as well as the immunosuppressive effects derived by the ENTPD1/E5NT-mediated production of adenosine.

Supporting Information {#sec022}
======================

###### PCR analysis on genomic DNA.

PCR were performed on 75ng of genomic DNA extracted from WT and pCX-TRI-2A-transfected cells. Two primer pairs were used: 5'HO1 fw (CTGGAGGAGGAGATTGAGCG) / 2A rev (CGCCAACTTGAGAAGGTCAAAA) pair that covers the region from 5' of hHO1 CDS to the first 2A sequence; intern E5NT fw (TGTTGGTGATGAAGTTGTGG) / 2A rev (CGCCAACTTGAGAAGGTCAAAA) pair that covers the region from hE5NT CDS to the second 2A sequence. Results show the presence of amplicons with expected size, respectively 753bp for hHO-1 and 1297bp for hCD73. As positive control 75ng of gDNA from WT cells mixed with 10^2^ copies of pCX-TRI-2A plasmid were used.

(TIF)

###### 

Click here for additional data file.

###### PCR analysis on RNA.

End-point PCR were performed on 25ng of cDNA retrotranscribed (+) from total RNA extracted from WT and pCX-TRI-2A-transfected cells. Two primer pairs were used: 5'HO1 fw (CTGGAGGAGGAGATTGAGCG) / 2A rev (CGCCAACTTGAGAAGGTCAAAA) pair that covers the region from 5' of hHO1 CDS to the first 2A sequence; intern E5NT fw (TGTTGGTGATGAAGTTGTGG) / 2A rev (CGCCAACTTGAGAAGGTCAAAA) pair that covers the region from hE5NT CDS to the second 2A sequence. Results show the presence of amplicons with expected size, respectively 753bp for hHO-1 and 1297bp for hCD73. 10^3^ copies of plasmids diluted into 25ng of WT cDNA were amplified as positive controls of PCR reaction. Phosphoglycerate kinase (PGK) housekeeping end-point PCR were performed using PGK1-HK-fw (GTATCCCTATGCCTGACAAGT) / PGK1-HK-rev (TTCCCTTCTTCCTCCACAT) primers pair, on 25ng of cDNA from WT and TG cells. Expected size band, 187bp, is visible in RT+ of each type of cells.

(TIF)

###### 

Click here for additional data file.

###### Single-gene transfected cells expression analysis.

Appropriate single gene-vectors have been produced as control of transfection as well as to investigate the contribution of each gene in the downregulation of the inflammatory response. pCX-E5NT and pCX-hENTPD1 transfected cells were sorted and analyzed for hE5NT and hENTPD1 expression respectively. pCX-HO1 transfected cells were sorted and analyzed on the basis of EGFP expression. After sorting each population count at least 98% of cells expressing the exogenous protein. WT and mock-transfected cells showed no expression of any of the three human proteins.

(TIF)

###### 

Click here for additional data file.

###### Propidium Iodide incorporation assay.

1×106 cells were seeded in 10 ml culture petri and treated with medium containing TNF-α (50 ng/ml) alone or with TNF-α (50 ng/ml), hemin (20 μM) and ATP (200 μM) for 24, 48 and 72 hours. Untreated cells were also cultured as a control of basal level of cell death. Cell death was detected, at each time point, using propidium iodide (PI, Sigma Aldrich) influx evaluation. At the end of treatment, the cells were harvested by centrifugation and suspended in PBS. Subsequently, the cells were incubated with 2 μg/mL of propidium iodide (PI) in the dark for 15 min at room temperature immediately before cytometric evaluation on FACSARIA flow cytometer (Becton Dickinson, San Jose, CA). PI incorporation was detected by red fluorescence on a log scale and cell death percentages were calculated on PI+cells combined with the scatter (FSC) by subtracting the % of untreated cells at each condition. Data were collected (at least 50,000 events) and analyzed using DIVA software (Becton Dickinson) and FlowJo software.

(TIF)

###### 

Click here for additional data file.

###### RT^2^ Profiler PCR array of TNF-α signaling genes in control (Ctrl) cells.

The 3D Profile showed the fold difference in expression of each gene between control cells treated with TNF-α 50 ng/ml in combination with hemin 20 μM and ATP 200 μM (test sample) at 16h and untreated cells (UT, control sample). Columns pointing up (with z-axis values \> 1) indicate an up-regulation of gene expression, while columns pointing down (with z-axis values \< 1) indicate a down-regulation of gene expression in the test sample relative to the control sample.

(TIF)

###### 

Click here for additional data file.

###### RT^2^ Profiler PCR array of TNF-α signaling genes in pCX-TRI-2A-transfected cells.

The 3D Profile showed the fold difference in expression of each gene between pCX-TRI-2A-transfected cells treated with TNF-α 50 ng/ml in combination with hemin 20 μM and ATP 200 μM (test sample) at 16h and untreated cells (UT, control sample). Columns pointing up (with z-axis values \> 1) indicate an up-regulation of gene expression, while columns pointing down (with z-axis values \< 1) indicate a down-regulation of gene expression in the test sample relative to the control sample.

(TIF)

###### 

Click here for additional data file.

###### Oligonucleotides used for real time PCR experiments.

The primers name and sequences are reported. The melting temperature (Tm) is indicated in Celsius grade. Primers for *Ikbkg* genes were designed by using Primer3 software (Untergasser A, *et al*. Primer3Plus, an enhanced web interface to Primer3. *Nucl*. *Acids Res*. 2007 35: W71-4). Primer sequences for *Gapdh* gene were recovered from PrimerBank repository (Spandidos A, *et* al. PrimerBank: a resource of human and mouse PCR primer pairs for gene expression detection and quantification. *Nucl*. *Acids Res*. 2010 38: D792-9).

(DOCX)

###### 

Click here for additional data file.

###### TNF-α pathway-related genes differently modulated between pCX-TRI-2A-transfected cells and Ctrl cells.

Genes resulted differently modulated between pCX-TRI-2A-transfected cells and Ctrl cells are listed in table. The genes name and a brief description of the related proteins function are reported. Values are expressed as fold difference in gene expression by comparing each cell lines treated with TNF-α 50 + hemin 20 μM + ATP 200 μM to the respective untreated cells.

(DOCX)

###### 

Click here for additional data file.

This work is dedicated to the memory of Prof. Fritz H. Bach, a dear friend and colleague whom we miss enormously. The authors thank Dr. Perota at Avantea for providing the pCX-EGFP plasmid.

F2A

:   Foot and Mouth Disease Virus 2A sequence

hHO-1

:   human heme oxygenase 1

hE5NT

:   human ecto-5'-nucleotidase

hENTPD1

:   human ecto-nucleoside triphosphate diphosphohydrolases

NF-kB

:   nuclear factor kB

TNF-α

:   tumor necrosis factor-alpha

TNFR1

:   TNF receptor 1

TNFR2

:   TNF receptor 2
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